The implant-host interface is a critical element in guiding tissue or organ regeneration. We previously developed hydrogels comprising interpenetrating networks of recombinant human collagen type III and 2-methacryloyloxyethyl phosphorylcholine (RHCIII-MPC) as substitutes of the corneal extracellular matrix that promote endogenous regeneration of corneal tissue. To render them functional for clinical application, we have now optimized their composition and thereby enhanced their mechanical properties. We have demonstrated that such optimized RHCIII-MPC hydrogels are suitable for precision femtosecond laser cutting to produce complementing implants and host surgical beds for subsequent tissue welding. This avoids the tissue damage and inflammation associated with manual surgical techniques, thereby leading to more efficient healing.
Introduction
Biointeractive scaffolds designed to mimic the extracellular matrix (ECM) of the body are becoming the scaffolds of choice in regenerative medicine. The interface between implant and host is now recognized as a critical element in guiding the repair and regeneration of target tissues or organs. Biologically inert materials developed as implants for the cornea and other tissue systems can be rendered biointeractive by a range of microfabication techniques. Micromoulding, microfluidics, lithographic patterning and similar processes have already employed for introduction of grooves, channels or other topographical/cell adhesion-promoting features [1] [2] [3] [4] [5] , or for grafting of interactive peptides [6] , growth factors and other bioactives to promote cell attachment and growth [2, [7] [8] [9] . To date, biomaterials comprising naturally-derived and mimics of ECM components and hybrids of natural and synthetic polymers have also been developed as implants that serve as regeneration scaffold and templates by providing instructive cues to endogenous cells to affect regeneration. A range of biomimetic materials fabricated as hydrogels, membranes, meshes and other structures have now been developed as tissue models and as scaffolds or templates for regenerative medicine. An extensive review of the latest biomimetic and bioinspired materials and their application in engineering different tissues and organs has been collected by Jabbari et al. in the Handbook of Biomimetics and Bioinspiration series [10] .
In the cornea, the bulk of the corneal extracellular matrix comprises type I collagen. However, our team had shown that recombinantly produced human type I and type III collagen behaved similarly as implants in mini-pigs over 12 months [11] . More importantly, we showed in a clinical study that carbodiimide crosslinked recombinant human collagen type III (RHCIII) hydrogels as corneal implants promoted epithelial and stromal cell, and nerve regeneration [12] .
Despite the successful regeneration, compression of the soft biomaterials by the sutures used in the surgery, as well as a sub-optimal fit into the wound bed delayed epithelial coverage of the implant by endogenous in-growing epithelial cells, leading to localized implant thinning and fibrosis in some patients [12] . Hence, robust implants that could be grafted with more precision and without suturing, and that could encourage more rapid cell coverage to circumvent infection would be a vast improvement for future clinical application. Indeed, others have shown that post-fabrication modification is often needed to ensure a seamless host-graft interface and/or modulate cell behaviour to obtain the desired clinical behaviour [13, 14] .
We have previously fabricated RHCIII implants that were reinforced by introduction of a second network of 2-methacryloyloxyethyl phosphorylcholine (MPC) to form interpenetrating networks of RHCIII-MPC [15] and showed in a rabbit alkali burn cornea model of severe pathology that these hydrogels stimulated regeneration while repelling unwanted invasion of blood vessels into the implants [16] . In this study, we increased the mechanical strength of these hydrogels to render them suitable for post-fabrication modification to circumvent the problems of the previous generations of RHCIII and RHCIII-MPC implants. We evaluated the use of ultra-high speed femtosecond lasers developed for ophthalmic surgery to profile RHCIII-MPC hydrogels for surgical grafting. These lasers have been shown to produce cuts within 10 µm deviation from the target [17] .
Creating matched cuts in the implant and surgical bed would allow precise lock-and-key fitting of the implant into host cornea enabling suture-free and hence compression-free retention. For surface modification to enhance cell attachment and rapid implant coverage, a range of established methods exist. These range from the creation of aligned collagen fibrils by molecular crowding [18] to various lithographic methods. However, most of these were developed for chips and other solid supports [19] and not soft hydrogels that comprise over 85 % water. Here, we tested the feasibility of microcontact printing (µCP) [20] as a means for introduction of surface patterning onto fully hydrated, 500 µm-thick hydrogels. Taking advantage of the improved mechanical stability of the RHCIII-MPC hydrogel, we printed and analysed micropatterns that used human fibronectin (FN) as "ink". FN is a cell-interactive protein in the ECM that promotes adhesion and migration of corneal epithelial cells during wound healing [21, 22] and has been successfully tested therapeutically for the repair of persistent epithelial defects (PEDs) of human cornea [23] . We quantitatively evaluated the effect of the printed FN micropatterns on the growth of corneal epithelial cells.
Materials and Methods

Materials
All inorganic salts and basic chemicals were of analytical grade and purchased from SigmaAldrich (St. Louis, MO and Steinheim, Germany), Carl Roth GmbH (Karlsruhe, Germany) or Merck KGaA (Darmstadt, Germany) unless otherwise stated. Research grade RHCIII, produced in yeast (Pishia pistoris), was purchased from 3H Biomedical (Uppsala, Sweden) and Fibrogen (San 
Recombinant human collagen-phosphorylcholine hydrogels
RHCIII-MPC hydrogels were produced as we previously published [15] but with a range of different starting concentrations of RHCIII to select an optimal formulation for laser profiling and The final mixed solution was immediately cast into cornea-shaped moulds (12 mm diameter, 500 µm thick) or between two glass plates with 500 µm spacers. The hydrogels were cured overnight at 100% humidity under nitrogen at room temperature. The cornea-shaped implants were cured for an additional 5 h at 37 o C. After demoulding, they were washed thoroughly with 10 mM phosphate buffered saline (PBS) and then stored in PBS containing 1% chloroform to maintain sterility.
Characterization of hydrogels
All samples were tested in triplicate. The water content of RHCIII-MPC hydrogels was determined by weighing samples that were blotted dry to remove surface liquid to obtain the wet weight (W 0 ). These pre-weighed hydrogels were then dried at room temperature under vacuum to constant weight, which is the dry weight (W). The equilibrated water content of hydrogels (W t %)
was obtained according to the following equation:
Optical properties of the resulting hydrogels were characterised by obtaining the refractive indices (RIs) of 500 µm flat, fully hydrated hydrogels equilibrated in PBS using an Abbe were not pre-stressed. Measurements were taken at room temperature.
The morphology of the RHCIII-MPC hydrogels compared to human corneas and RHCIII hydrogels alone was examined using scanning electron microscopy (SEM). All samples were lyophilized to minimize the shrinkage of the human cornea and collagen scaffolds due to the vacuum applied during freeze-drying and SEM imaging. Briefly, PBS-equilibrated samples of each construct or human eye bank corneas were frozen over night at -80 ˚C and then placed in the drying chamber of a lyophilizer at a condenser temperature of -40 °C and vacuum pressure of 0.8 Torr and dried for 7 hrs. The scaffolds did not collapse through the process while there was some degree of shrinkage for all test samples, e.g. 40% for human cornea and 50% for the biosynthetic collagen hydrogels due to the applied vacuum. The samples were then cut using a sharp surgical knife at a vertical angle to minimize the changes in the scaffolds' structure due to the cut and attached onto metal holders using conductive double-sided tape, and sputter coated with a gold layer for 60 seconds at 0.1 bar vacuum pressure (Cressington Sputter Coater 108) prior to SEM examination.
SEM micrographs were taken at 25 kV at various magnifications on a scanning electron microscope (Model S-2250N, Hitachi, Japan). Comparisons were made against human eye bank corneas prepared in the same way.
Precision laser cutting of the hydrogels and tissue welding
Laser trephination (or cutting) of three cornea-shaped RHCIII-MPC hydrogels (12 mm in diameter and 500 µm thick) was carried out using a femtosecond laser (IntraLase™ FS Laser, Abott
Medical Optics, Abbott Park, Illinois, USA). The laser was set to cut out a top-hat shaped implant from the hydrogel (one of the more common configurations for laser-assisted tissue trephination).
The cutting parameters used were 6.0 mm diameter of the anterior side cut, 8.0 mm diameter of the posterior side cut, and a depth of 250 µm for the lamellar cut. The energy for the ring lamellar cut,
anterior side cut and posterior side cut were 2.80 µJ, 1.50 µJ and 1.50 µJ, respectively.
For implant/tissue welding, matched complementary cuts were also made on excised porcine corneas (obtained from an abbatoir) and RHCIII-MPC implants using the femtosecond laser (Wave Light GmbH Erlangen, Germany). RHC-MPCIII implants inserted into the matched donor cornea bed were welded together using standard riboflavin/dextran crosslinking techniques (1% riboflavin, 365 nm, 3 mW/cm², 30 min.) [25] using a MLase UV crosslinking device (MLase AG, Germering, Germany). After 10 min. of incubation with "ink" at room temperature, the stamps were rinsed in water for 20 s and dried for 1 min. under a N 2 stream.
Microcontact printing on hydrogels
The activated RHCIII-MPC samples were placed in a Petri dish and then the upper surfaces were dried carefully with the N 2 gas in preparation for µCP. The bottom corners of the hydrogel samples were left in contact with water to prevent complete dehydration and therefore undesired deformation of the hydrogels. Surfaces then were printed by applying the PDMS stamp onto the hydrogel surface. All printing was performed manually without any load, using the nitrogen stream to get the stamp into contact with the hydrogel surface. The stamp was left on for five minutes and then removed using tweezers. The patterned hydrogel surface was incubated with a solution containing 10 mM (PEG) 3 NH 2 (Molecular Biosciences, Boulder, CO, USA), in PBS, pH 8.0 for 40 min. to de-activate all remaining unreacted carboxyl groups. The surfaces were then carefully washed several times with fresh PBS, pH 7.3 and stored in this buffer solution prior to further use.
Characterization of printed hydrogels
To characterise the reproducibility of the µCP patterns, the optically transparent patterned hydrogels were imaged using an Olympus BX51 upright microscope (Olympus, Tokyo, Japan) equipped with a 10x, NA 0.3 water immersion objective and a Peltier-cooled Fview II CCD camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany). Fluorescence images of fibronectin-BSA-TR ® patterns were acquired and analysed using analySIS software (Olympus Soft Imaging Solutions GmbH, Münster, Germany).
The presence of FN in the micropatterns was confirmed by using a primary rabbit polyclonal antibody against FN (Abcam, Cambridge, UK), followed by a secondary antibody, donkey antirabbit IgG, conjugated with quantum dots Qdot655 (H+L) (Life Technologies, USA).
To investigate the effect of µCP on the micro-and nano-topography of fully hydrated RHCIII-MPC constructs, atomic force microscopy (AFM) measurements were carried out with the samples fully immersed in 0.1 M PBS buffer, pH 7.3 using a NanoWizard ® 3 AFM microscope (JPK Instruments AG, Berlin, Germany) mounted onto an Olympus IX81 (Olympus, Tokyo, Japan) inverted optical microscope to allow for combined optical and AFM imaging of the same surface.
Sample topography images were obtained in contact mode using SNL-10 (Bruker, Billerica, MA, USA) probes. Regions of interest for AFM analysis were selected with fluorescence microscopy to include the printed and unprinted zones of the surface within one large area (70 x 70 µm 2 ) scan.
Several different size scans were made. Images obtained were processed and the surface roughness was calculated using the region analysis tool within the AFM JPK data processing software.
Cytotoxicity evaluation
All samples with 30 µm and 200 µm patterned stripes, and control samples comprising deactivated and unmodified hydrogels, were placed into 24-well plates. Immortalized human corneal epithelial cells (HCECs) from a cell line [27] were seeded onto the surface of the materials at a density of 2x10 4 
Cell attachment and proliferation
Green fluorescence protein (GFP) transfected HCECs were employed to facilitate cell counts. A stable GFP-HCEC cell line was established by transfection of HCEC with a vector containing a puromycin resistant gene together with GFP, using the Lipofectamine ® 2000
Transfection Reagent (Life Technologies, California, USA). Selection of puromycin resistant cells with 2 µg/ml of puromycin added to the medium was performed to obtain stable GFP-expressing lines.
To examine proliferation rates on the different surfaces, 6 mm hydrogel discs with 30 µm as nuclear counterstain. All samples were given a final rinse prior to mounting and examination under a confocal microscope (LSM700, Carl Zeiss, Göttingen, Germany). A total area of 50000 µm 2 per sample was used for all the counts.
Statistical Analyses
Statistical analyses were performed using general linear models that relate responses to linear combinations of predictor variables. These p value tests were followed by a Tukey test in cases where significance was found. The analyses were performed using Minitab © software (Minitab Ltd., Coventry, UK). Ratios of cell populations are shown in Fig. 5 as percentages and therefore not portrayed with standard deviations. The ratio data have skewed distributions that are close to zero and one. Hence, these data were log transformed before analysis to better comply with the assumptions of general linear models. Intervals for feature sizes are ± 1 standard deviation.
Results
RHCIII-MPC hydrogels
A range of adjustments in hydrogel formulations were tested for producing a mechanically reinforced material suitable for post-fabrication of the implants. These included a starting RHCIII content of 13.7%, 18% and 20%; different RHC:MPC ratios and EDC:RHCIII-NH 2 ratios. The resulting optical and mechanical properties of the hydrogels are given in Appendix A. The resulting enhancement in properties of RHCIII-MPC hydrogels after optimization of the above parameters as compared to our previously published formulation [15] is shown in Table 1 . In both 13.7% and 18%
RHCIII-MPC hydrogels, we found that a 2:1, RHCIII:MPC ratio with 0.4 EDC:RHCIII-NH 2 gave the optimal formulations.
Increasing of the collagen content from 13.7% to 18% decreased the water content from 90.1±2.4% to approximately 86% (85.5±0.2% for RHCIII-MPC and 86.0±0.2% for RHCIII only).
Hence, it turned out that the MPC content did not make much of a difference. Additionally, the EDC:RHCIII-NH 2 ratio showed no obvious influence on the RI, while the RI increased with increasing MPC content within the gels.
The measured transmittance of white light decreased with the increased RHCIII concentration. Compared to the native cornea (transmittance: ~87%, backscatter: ~3%), however, all the RHCIII-MPC gels showed a higher transmittance and lower backscatter. The RHCIII only gels, on the other hand, exhibited a transmittance comparable to the native cornea (approx. 87%).
All the cornea substitutes displayed a slightly lower RI of 1.35, which is that of water, compared to native cornea (1.37~1.38 [28] ).
The effect of the material composition on mechanical properties is summarized in Fig. A2 (Appendix A). In general, increasing the solids content of the hydrogels from 13.7% to 18%
increased the tensile strength of RHCIII-MPC hydrogels from 1.29±0.31 MPa to 2.12±0.18 MPa (Table 1 ). The tensile strengths of the 18% RHCIII only hydrogels were comparable to the 18% RHCIII-MPC hydrogels at 2.37±0.4 MPa. However, RHCIII only hydrogels were stiffer (an elastic modulus of 15.33±2.67 MPa) and less elastic (elongation at break of 28.21±2.01%) than corresponding RHCIII-MPC hydrogels (lower elastic modulus of 9.46±3.58 MPa; higher elongation at break of 33.34±3.87%).
The 18% RHCIII-MPC hydrogels were more thermodynamically stable (Td = 57.6 °C) than both the 18% RHCIII only (Td = 53.1 °C) or 13.7% RHCIII-MPC hydrogels (Td = 54.1 °C).
However, none were as stable as the native corneas (Td = 65.1 °C) ( Table 1) .
SEM imaging of cross-section of samples was performed for structural comparison of the produced RHCIII-MPC and RHCIII only hydrogels with native human corneas. A distinct lamellar structure could be seen for both human and biosynthetic corneas (Figs 1A-C). The lamellar structure was observed throughout the entire cross-section of all samples while it was more homogeneous for the human cornea and better representative of the whole structure than that of the biosynthetic ones. In addition, the RHCIII-MPC hydrogels comprised lamellae-like layers interconnected by some tiny fiber-like structures (Fig. 1B) , that better mimics the structure of the human cornea (Fig. 1A) than the RHCIII crosslinked by EDC/NHS which had large lamellae without any inter-lamellar connections (Fig. 1C) . However, the inner morphology of the biosynthetic corneas differed from their native counterpart in the number of lamella layers and the spacing between layers. For example, the lamella-like layers in the biosynthetic corneas were thicker and their number was lower compared to lamellas of the native cornea. In addition, the spacing between the ordered lattice structures of the native cornea was smaller (~ 15 microns) than that of the biosynthetic corneas (~ 150 microns). The lamella spacing for the human cornea had a wide size distribution ranging from 2 to 40 microns. Overall, despite some similarities between the biosynthetic corneas and their natural counterparts, the human cornea has a much more complex microstructure with higher degree of interconnectivity, as expected.
Precision laser profiling and tissue welding
The optimized hydrogels were sufficiently robust to allow complete cutting of "top-hat" Laser cut implants were successfully fitted into matched laser cut surgical beds (Fig. 2C) .
After riboflavin/UV-crosslinking, the implants remained permanently adhered to the corneal bed ( Fig. 2D ) and sub-microscopical physical fibre-like connections were present between the implant and adjacent cornea (Fig. 2E) when viewed by SEM. In contrast, implants detached completely in controls without UV radiation.
Overall quality of the microcontact printed patterns
The most stable RHCIII-18/MPC(2/1)-E0.4 hydrogels which lent themselves well to laser profiling were also optimal for µCP (process diagramed in Fig. 3A) . 
Atomic force microscopy
The effect of µCP on the micro-and nanotopography of fully hydrated RHCIII-MPC hydrogels was determined by AFM analysis. The original, unmodified collagen hydrogel surfaces appeared uneven, with irregularly arranged surface fibrils visible (Fig. 4A) . The root mean square (RMS) of surface roughness as measured within a representative 2 × 2 µm 2 scan area was 3.5 nm.
The regions of interest (ROIs) for AFM scans on the chemically activated and microcontact printed samples were identified by simultaneous fluorescence microscopy imaging. The AFM tip was positioned in the ROIs that were patterned with FN and BSA-TR ® mixture. In topography images of the hydrogel surface after µCP and/or deactivation, the collagen fibrils appeared to be partially aligned (Fig. 4B) , in contrast to the unmodified surface (Fig. 4A) . However, the fine details of the collagen fibrils could not be resolved. There was no distinct overall height difference between the majority of the printed and adjacent unprinted area, either due to the high initial surface roughness and/or due to the ability to print a very thin, possibly monolayer thickness of FN. The edges of the stripes, however, were slightly corrugated by the printing and served to delineate the stripe boundaries. The RMS surface roughness of the FN-printed and unprinted regions on this particular sample shown in Fig. 4B , was very similar, at 1.3 nm and 1.4 nm, respectively. The AFM analysis therefore showed that the µCP resulted only in a very small change in the surface topology.
Effect of patterning on cytotoxicity, cell adhesion and proliferation
Printing with PDMS stamps can result in a slight contamination of the sample surface with loose PDMS particles [26, 29] , but these can be removed by subsequent sample deactivation and washing steps. Live/dead staining performed indeed showed that there were no cytotoxic effects from the patterning. The numbers of dead cells (stained red) were negligible:0 in most of the samples, 1-2 cells in a few others (Fig. 5A-D) .
Analysis of the proliferation of HCECs on the different surfaces over time showed obvious differences between the patterned and non-patterned samples (Fig. 5E ). The only two types where the growth rate could not be told apart (P>0.05) were the unmodified and deactivated RHCIII-MPC surfaces. The total number of cells counted per a defined ROI was highest on the hydrogels patterned with 200 µm stripes. However, when taking into account that the total FN-coated surface area per ROI was two times less on the 30 µm pattern than on the 200 µm pattern, the results show that the thinner stripes yielded approx. 26% more cells after normalization of the surface areas. Immunohistochemical localization of FAK-positive cells showed that significantly more cells were growing on the 30 µm striped patterns that were positively stained (P ≤ 0.05) than those of the other groups (Fig. 6B) .
Immunohistochemistry and cell behaviour
Staining for the Ki67 protein associated with cell proliferation showed that the samples with 30 µm striped patterns supported a significantly larger proportion (P ≤ 0.05) of positively stained cells than the other groups (Fig. 6C ).
Discussion
Hydrated interpenetrating networks of RHCIII-MPC hybrid hydrogels were prepared by simultaneous crosslinking of RHCIII with EDC/NHS, and radical polymerization of MPC monomer with APS/TEMED as the initiator system and the PEG-DA as the macromolecular crosslinker.
Biphasic responses were found in hydrogels with increases in RHCIII starting concentration and MPC content. In particular, the increased MPC content, ensuing in RHCIII:MPC molar ratios of 1:1, resulted in weak, brittle hydrogels. This could be due to a high MPC concentration that might have hindered the intertanglement and crosslinking of the RHCIII microfibrils. The increased RHCIII concentration from 18 to 20 % that resulted in overall weaker gels could be due to the SEM analysis shows that both RHCIII only and RHCIII-MPC hydrogels had a lamellar arrangement of collagen fibrils. Addition of the second network resulted in additional fibrous structures that connected the lamellae in RHCIII-MPC hydrogels. These tiny interlamellar structures were only seen in RHCIII-MPC hydrogels and were likely the result of combined longrange and short-range crosslinkers that resulted in an interpenetrating network. The interlamellar connecting structure was not observed in RHCIII only scaffolds. Still, the interconnected multilayer structure was simpler and sparser than that of the native corneas, which had a larger number of lamellar and many more interlamellar connections. The driving force behind the formation of the lamellar structures are unclear. The most plausible explanation has been put forward by Ruberti's group [18, 30] . At the high collagen concentrations used to fabricate implants and under the confined environment of the moulds used, molecular crowding as described by Ruberti et al. is present. Prior to moulding, the collagen is mixed very thoroughly using a syringe mixing system [31] , which generates a lot of shear force. Finally during the moulding, the mixed collagen is compressed with a mould with a final compression cum shearing action.
Femtosecond lasers are now being used in surgery, particularly ophthalmic refractive surgery, as alternative to conventional mechanical cutting tools. They have ultra-short, 10 -15 second pulses that can cut out three-dimensional shapes within the cornea by producing multiple adjacent minute spots of explosions in it. The RHCIII-18/MPC(2/1)-E0.4 hydrogels, like human corneal tissue, lent themselves to being precisely cut by the femtosecond laser, as shown by the resulting well-defined cuts. On the contrary, the laser pulses broke up weaker hydrogels. This shows that RHCIII-MPC hydrogels were sufficiently robust to maintain the integrity during the laser cutting, which is quite important for the grafting applications without sutures. We also showed that in the excised porcine corneas, the implants could be precisely fitted and welded together with the host cornea. This opens up the possibility of future sutureless implantation, or the use of fewer sutures.
Microcontact printing has been used as a method to transfer proteins and other biological macromolecules onto solid substrates without the loss of their biological activity [32, 33] . However, most of the literature on µCP applications typically describes patterning on hard substrates such as glass, silicon, metals or robust and elastic polymers (e.g. polystyrene, PMMA (polymethylmethacrylate), PDMS) [32] [33] [34] . In this study, we showed that µCP could be used to introduce reproducible functional protein patterns onto the surfaces of thick, highly hydrated, largely collagenous matrices. The reproducibility of the patterns was good with a standard deviation of 0.8 um for the 30 um pattern and 2.6 um for the 200 um pattern. It should be noted that the RHCIII-MPC hydrogels developed in this study for µCP had a tensile strength of 2.15 ± 0.14 MPa and Young's modulus of 10.53 ± 3.25 MPa, which is comparable to 2.24 MPa tensile strength and
Young's modulus of 0.360-0.870 MPa for PDMS [35] , which is a common stamp material used for µCP. However, unlike PDMS, which is hydrophobic, the RHCIII-MPC hydrogels comprised 85.5 ± 0.2 % water.
Fibronectin is a large glycoprotein that is present in the basement membrane of the normal corneal epithelium. Its elaboration is increased during wound healing and the macromolecule appears at wound sites where it serves as a temporary matrix for cell migration [36] . The fibronectin molecule and its bioactive peptide derivatives Arg-Gly-Asp (RGD) and Pro-His-Ser-Arg-Asn (PHSRN) have been reported to enhance healing of corneal epithelial wounds in rabbit models [21, 22] and in clinical trials [23] . Fibronectin enhances wound healing through its interactions with β1
integrins. Corneal epithelial cells express β1 integrins and migrate over the newly laid down FN.
After healing is complete, both integrin and FN expression is diminished [36] .
Cell attachment to FN triggers integrin-mediated signalling. Previously, β1 integrin-FAK signalling has been shown to initiate proliferation of metastatic lung cancer cells [37] and other cells, and in this case, HCECs. In our hydrogels, there was a trend towards the aligned cells on 30 um FN stripes having the highest expression of β1 integrin, FAK and Ki67, showing that the width of the patterned FN stripes were able to influence cell behaviour. Thus, although the total number of the cells counted per a ROI was highest on the 200 µm stripe pattern, proliferation as demonstrated by the expression Ki67, a cellular marker for proliferation, was highest in the 30 um stripes. We have therefore shown that despite the ability of the unmodified RHCIII-MPC hydrogels to support corneal epithelial cells, the attractiveness of the hydrogel as a substrate was enhanced by the transfer of FN onto the hydrogel surface. Micropatterning has been previously used to manipulate cell growth and differentiation, and nanoscale topography has been shown to affect corneal epithelial cell migration [38] . In the present study, however, there was little change in pitch and surface roughness of printed and unprinted areas were similar. The manipulation of cell adhesion has been found to affect mitosis [39] . In our study, the 30 um stripes are approximately the diameter of a corneal epithelial cell, so each cell will only have two neighbours along the FN stripe.
On the 200 um stripes, each cell is surrounded by neighbouring cells. It would appear that a combination of differential adhesion afforded by the FN, and presence/absence of neighbouring cells affected the proliferation of corneal epithelial cells on our surfaces. Whether or not the micropatterning with an array of thin stripes that promoted the highest proliferation rates will do the same in vivo is yet to be determined by micropatterning on cornea shaped hydrogels for animal studies.
Conclusion
We have shown that biomimetic hydrogels comprising interpenetrating networks of synthetically produced human collagen and phosphorylcholine can attain mechanical properties that are suitable for post-fabrication modification using laser cutting and µCP. Use of the femtosecond laser produced highly precise cuts on the RHCIII-MPC gels that would be suitable for implantation.
Microcontact printing of FN was able to further enhance cell adhesion and growth on the 500 µm 
